T he objective of the study was to exam ine the changes in central nervous system (CNS) activity and physical behaviour during induction and awakening from CO 2 anaesthesia. Two studies, each using pigs immersed into 90% CO 2 gas for a period of 60 s were performed. In study 1, we monitored middle latency auditory evoked potentials (changes in latencies, amplitudes and a depth of anaesthesia index), electroencephalographic parameters (delta, theta, alpha and beta electroencephalographic power and 95% spectral edge frequency) and heart rate; and in study 2, we monitored body movements and arterial and venous partial pressure of CO 2 and O 2 . No behavioural signs of distress were observed during the early part of the induction. T he swine exhibited muscular activity from 13±30 s after induction-start as well as during awak ening from anaesthesia, possibly because of a transitory weaker suppression of the brain stem than of the cortex. T he CNS and blood gas param eters started to change from the very start of induction. T he CNS suppression lasted only approxim ately one minute after the end of the induction period. T he two studies indicated a good tem poral relationship between changes in amplitude, depth of anaesthesia index, spectral edge frequency, and arterial P CO 2 during the induction period.
Carbon dioxide can be used to promote anaesthesia. It is used extensively in pig abattoirs as pre-slaughter anaesthesia and in laboratory animal science to perform shortlasting anaesthesia as well as euthanasia (Forslid 1987 , Ring e t a l. 1988 , Fenwick & Blac kshaw 1989 , EU Council Directive 1993 , Hewett e t a l. 1993 . Questions have been raised with respect to anim al welfare, as inhalation of high concentrations of CO 2 might cause distress before unconsciousness occurs. In particular, the body movements seen during the early part of induction of CO 2 anaesthesia in swine have elicited questions related to stress. Furthermore, our knowledge is limited with regard to the neurophysiological processes that lead to the anaesthetic phase. To con®rm whether or not animals experience stress during induction of and awak ening from CO 2 anaesthesia, we need a description of the rapidity and severity of the accompanying changes in CNS act ivity.
T he combined changes in middle latency auditory evoked potentials (MLAEP), 95% spectral edge frequency (SEF) as well as the lower frequencies of the EEG can be used to describe the changes in neural activity. In addition, the investigati on and comparison of changes in the two different monitoring methods: MLAEP (latency, relative am plitudes) and EEG (SEF, relative power) may contribute to an increased knowledge of the neurophysiological foundation of CO 2 anaesthesia as well as to further elucidate differences between the different ways of assessing the depth of anaesthesia (DA).
Auditory evoked potentials re¯ect the processing act ivity in nuclear structures of the auditory pathway in the brain in response to an auditory stimulus. T he MLAEP signal occurs in the interval from 12.5±50 ms after stim ulus presentation in man, and consists of overlapping activat ion in different structures of the medial geniculate body in thalamus and the primary auditory cortex (Picton e t a l. 1974) . Previously we have shown that MLAEP can be measured in swine and that the MLAEP trace, when inducing thiopentone anaesthesia, changes in a similar pattern to that in man, dogs and rats, (Martoft e t a l. 2001 ) . Until now, no data on MLAEP during induction of CO 2 anaesthesia in swine have been published. An extraction of MLAEP from the raw EEG requires signal averagin g. By using auto regressive modelling with an exogenous input (Jensen e t a l. 1996 ) , we have subtrac ted MLAEP based on an average of only 15 sweeps of 0.11 s (1.7 s).
Cortically measured EEG re¯ects basal activity in the cortex and has previously been described in normal swine and in swine during anaesthesia (Strom berg e t a l. 1962, Rose e t a l. 1972 , Lom holt 1980 , Zwiener e t a l. 1982 , Forslid 1986 , 1987 , Ring e t a l. 1988 . During the induction of anaesthesia, a synchronization of cortical activity takes place that ®nally progresses into total depression of the neural act ivity. T his can be seen as a shift from higher EEG frequencies towards lower EEG frequencies and ®nally to suppression of the EEG trace.
T he aim of this study was to evaluate changes in neural activity in cortical and deeper structures of the brain, behaviour, and blood gas values in pigs during induction and awakening from CO 2 anaesthesia.
Materials and methods

Le gisla tio n a nd anim a ls
T he projects were approved by the Animal Experiment Inspectorat e, Departm ent of Justice, Denmark. All pigs weighed 25±35 kg (Sus Scro fa , cross between Danish Landrace and Duroc=Yorkshire, T he Danish Bac on and Meat Council's research farm, Roskilde, Denmark ). T he pigs were MS pigs according to the special pathogen free system of the Danish Bacon and Meat Council. T hey were allowed to get accustomed to the new environment in the laboratory anim al unit for a period of 3±5 days before being taken into the trial. In the laborat ory animal unit, the pigs were housed in groups of three in an open system of¯oor pens with solid concretē oors, and with the use of straw bedding. T he pigs were fed restrictively with a pelleted diet (N.A.G . Pig fodder No. 5, Nordsjñllands Andels-og Grovvareforening, Helsinge, Denmark ) and water was available a d lib itum . T he environmental temperature was 20±22 C and the air was changed 8±10 tim es=h.
Pro to c o l
Stud y 1 Six pigs (three male and three female) were used in the ®rst study. After an overnight fast, each pig was taken separately to the laboratory in a ham mock in which it rested in sternal recumbency with its legs extended through four holes (Fig 1) . A Datex Cardiocap II CH-2 (Dam eca, Rùdovre, Denmark ) was connected for electrocardiogram (ECG ) recording. T hree surface electrodes (Blue sensor, R-00-S, Medicotest, élstykke, Denmark ) were placed on the shaven skull of the pigs in the medial plane as described previously (Martoft e t a l. 2001 ) (see Fig 1) . Before each recording, care was taken to assure that the im pedance was below 1500 ohm in all electrodes, by changing the electrodes and=or reshaving the skull. T he pigs were blindfolded, ®tted with headphones (MX 3 Open Dynamic in-ear headphones, Sennheiser, Germany) and connected to an A-line 1 AEP-monitor (Danmeter, Odense, Denmark ). In order to induce CO 2 anaesthesia, each pig was hoisted until it was above the edge of a 1.5 m high, opentopped, rectangular Perspex box (1.161.8 m) containing CO 2 , and after it was lowered into the gas (Fig 1) . T he lowering was done slowly (approximately 5 s), in order to minimize displacement of CO 2 gas from the open Perspex-box. T he 100% CO 2 gas was supplied through an inlet at the bottom of the Perspex box. A CO 2 monitor (IR-C O 2 Polytron, Dra Èger, Herlev, Denmark ) was ®tted on the inner wall of the Perspex box, 0.8 m above¯oor level (the snout height of the pigs when fully lowered). T he gas concentration was kept at 90 2% at the height of the CO 2 monitor throughout the induction period. Anaesthesia was induced by leaving the pigs in the CO 2 gas for a period of 60 s from when the pigs reached the 0.8 m point. At the end of the 60 s period, the pigs were hoisted out of the gas and left to wake up. T he period of time in the gas (from 0 s to 60 s aft er start of induction) will be referred to as the`induction period'. Forty-eight hours after the ®rst induction, a second induction of anaesthesia was conducted exactly as the ®rst. T he reaction to a painful stim ulus was investigated immediately following the 60 s induction period in the second induction trial . If a withdrawal reaction could be sensed when holding the left front leg, while squeezing the inter-digit al skin with a pair of blunt forceps, a response was recorded. Twenty minutes after the end of the second round of anaesthesia the pigs were euthanazed by being lowered into the 90% CO 2 box for a period of 10 min.
Stud y 2 Nine pigs (four male and ®ve female) were anaesthetized in CO 2 in exactly the same way as that described in study 1, and arterial and venous blood were sampled using cat heters implanted in advanc e. Five days prior to the CO 2 trials, arterial and venous PVC catheters (Dow Corning Corp., USA) were im planted and secured in the carotid artery and in the jugular vein during iso¯urane anaesthesia. T he catheters were tunnelled subcutaneously and externalized in the dorsal neck region. A three-way stopcock (Connecta7, Ohmeda, Helsingborg, Sweden) was ®tted to each catheter for subsequent¯ushing and blood sampling.
During awakening from pre-trial surgery, the pigs were housed individual ly in the laboratory animal unit. Every day the cat heters were¯ushed with sterile saline solution (0.09% NaCl), and subsequently ®lled with 2 ml of heparinized sterile viscous saline solution (10 cP, 0.09% NaCl ). During the CO 2 stunning trials, blood samples were obtai ned approxim ately 4 min before induction-start, at the time of being lowered to the level of the CO 2 monitor (tim e zero), with 10 s intervals during the ®rst 80 s, and then at 100, 120, 240, 360 and 600 s. Prior to collection of each blood sample, 3±5 ml of blood was drawn into a separate syringe to clear the dead-spac e of the catheter system. Each blood sam ple was placed on ice until blood gas analysis could take place (max one hour later). T he blood sam ples were analysed using an ABL 300 Acid-Base Laboratory (Radiom eter, Copenhagen, Denmark ). Additionally, the period of induction and awakening from CO 2 anaesthesia was videotaped for evaluation of behavioural changes. Finally, EEG =AEP signals were extracted, but since the extracted EEG =AEP signals were encumbered with interfering signals (due to a high level of noise in the internal computer of the EEG apparatus ) they are not shown in this paper. The pigs were not sedated, since resting at sternum in the hammock made them calm. Unlike the pig shown, the pigs in the study were blindfolded to avoid interference from visual evoked potentials. The gas-inlet pipe was at the bottom of the box and the CO 2 monitor is seen in the front right side of the box AEP=EEG re c ord ing a nd pro ce ssing T he signals were collected with an A-line 1 AEP monitor (Danmeter, Odense, Denmark ), comprising a differential ampli®er with a common mode rejection ratio of 120 dB. T he AEP was evoked with a bilat eral click of 2 ms durati on (intensity 70 dB sound pressure limit). T he digitalized signal was ®nite impulse response ®ltered with a 16±150 Hz, 5th order digital band-pass ®lter. T he sampling frequency was 880 Hz, the click frequency 9 Hz and the AEP window 80 ms, beginning at 0 ms. Two MLAEP templates were calculated from the EEG signal and used as input for autoregressive modelling (the ARX-model). One of the templates was calculated from 256 sweeps and the other from 15 sweeps. Both tem plates were updated at each sweep, in order to have the best correlation to the present AEP. Hence, the averaged SNR was im proved 16 times [SNR avgˆ( evoked potential =back ground noise) * sqr (number of repetitions)] and the MLAEP was extracted over only 15 sweeps. Prior to extracting the AEP for ®nal data analysis, the EEG signal was ®ltered even further to comprise only the 25±43 Hz spectrum, to enhance the MLAEP response. T he morphological changes of the MLAEP were mapped into a depth of anaesthesia index (DAI), which was calculat ed as the sum of the numerical differences between the areas under neighbouring 0.86 ms segments of the AEP curve in the time fram e from 20±80 ms (Capitanio e t a l. 1997 , Jensen e t a l. 1998 . In this way, the amplitude reduction and the latency prolongation seen during the induction of anaesthesia are calculated equally into an index ranging from 0 (no activity) to 100. In addition to the MLAEP, the raw EEG was extracted, ®ltered (2±30 Hz), and used to calculate the SEF as well as the power of the delta (2±4 Hz), theta (4±8 Hz), alpha (8±12 Hz), and beta (12±30 Hz) frequencies.
Da ta a na lysis
Amplitudes were measured as differences in height between the trough and peak components of the MLAEP trace (Na, Pa, Nb and Pb). Amplitude-changes were calculated relative to baseline values in each pig. T he MLAEP trace disappeared in some of the pigs. If the disappearance was caused by the occurrence of an iso-electric (IE) trace, the amplitude was given the value zero. If it was caused by a peak=trough latency shift to above 80 ms, no value was noted. Burst suppression, a condition in the EEG with periods of iso-electric EEG traces alternating with periods of traces with high amplitude and frequency (Noachtar e t a l. 1999 ), was de®ned as EEG voltage < 5 microvolts (numerically) for a period longer than 0.5 s (Rampil 1998 ) and the ®rst occurrence of BS during induction was determ ined by a homemade computer BS analysis program (MAT LAB, T he MathWorks Inc, USA). During awakening from CO 2 anaesthesia, the EEG trace was weak and was obscured by tonic muscular tension, making it im possible to evaluate the disappearance of suppression in the computerized way as during induction. To overcome this problem we chose to evaluate the termination of EEG suppression visually. T he evaluator was blinded with regard to the time of inductionstart and the occurrence of evoked potentials.
T he SEF as well as the relative power of the delta, theta, alpha and beta EEG bands were calculated by the use of fast Fourier transformation over periods of 5 s. Baseline values with regard to latency, am plitude, DAI, SEF and EEG power bands were obtained 60 s before trial -start in order to get pre-induction values in which the pigs were not affec ted by the presence of laborat ory personnel working closely around them or by being hoisted above the edge of the Perspex box. T he latencies, amplitudes, DAI, SEF and EEG power bands were recordedevery 10 s from 10 s to 360 s after the start of induction. T he HR was recorded 60 s before the start of induction, at the start of induction, and at 10, 30, 60, 100, 180 and 240 s after the start of induction.
For statist ical analysis of latency, amplitude, DAI, SEF, EEG power bands P CO 2 , P O 2 and HR, a mixed ANOVA=regression model was used with time included as a ®xed effect (Random ized Mixed Procedure, Statistical Analysis System, version 6.12, SAS Institute Inc, Cary, NC). T he interaction between pig number and trial number was included as a random effect. Trial number, pig number and interaction between pig number and time were excludable as random effects. Logarithmic transformations were used on P CO 2 , P O 2 as they were not distributed in a Gaussian manner. In each trial, values obtain ed at different time points after the start of induction were compared to baseline values. All tests were two-tailed and a signi®cance level of P < 0. 05 was chosen. T he values are expressed as means SE,unless otherwise indicat ed.
Results
MLAEP
T he baseline MLAEP trace was easily recognizable. Successful stimulus transduction was inspected in all trials before the 25±43 Hz ®ltering, as it sorts out the brain stem response. Prior to the ®nal ®ltering, the mean peak=trough lat encies were Na: 15.8 2.2 ms, Pa: 23.1 2.4 ms, Nb: 35.3 2.1 ms and Pb: 54.3 3.6 ms. After the 25±43 Hz ®ltering the mean peak=trough latencies were Na: 16.6 3.2 ms, Pa: 35.6 1.6 ms, Nb: 46.8 2.6 ms and Pb: 67.6 2.1 ms. T he latencies of Na, Pa and Nb started to increase slightly, approximately 30 s aft er the start of induction (Fig 2) . T he changes becam e statistically signi®cant at the end of the induction period. T he rate of the latency shift increased from 60 s to 120 s after the start of induction. If the MLAEP trace becam e IE, it happened in the period from 120 s to 150 s. In some instances, the Pb latencies increased to > 80 ms during induction and awakening, and thus did not show up in the 80 ms tim e frame.
T he Na=Pa-, Pa=Nb-and Nb=Pb-am plitudes behaved similarly to each other (Fig 3) .
T he values at time zero were approxim ately 7% less than those measured 60 s before the start of induction. T he am plitudes showed a marked reduction in the period from 0 s to 60 s , little change from 60 s to 90 s, and a reduction again from 90 s to 120 s after the start of induction. From 150 to 210 s, the amplitudes began to increase. In some instances the Nb=Pb-am plitude could not be The study involved six pigs in double trials, and the period of immersion in 90% CO 2 is marked on the time axis in bold. In some cases, a peak=trough latency shift above 80 ms or an isoelectric MLAEP trace precluded a value from being recorded. In those cases with less than 12 recorded values, the number is shown. The standard errors for the peaks and troughs are: Na 3.2-3.9 ms, Pa 1.6-3.2 ms, Nb 2.6-4.3 ms, and Pb 2.1-3.9 ms (mixed model). * : P < 0.05, ** : P < 0.01, *** : P < 0.001, **** : P < 0.0001 versus baseline values Fig 3 Mean amplitudes of the middle-latency auditory evoked potential peaks=troughs during induction and awakening from CO2 anaesthesia. The study involved six pigs in double trials, and the period of 90% CO 2 immersion is marked on the time axis in bold. The amplitudes were calculated as a percentage of the amplitude 60 s before the start of induction. In a few cases, a peak=trough latency shift above 80 ms precluded a value from being recorded. Where less than 12 values were recorded, the number is shown. The standard errors of the amplitudes are: Na=Pa 8.4-8.5, Pa=Nb 8.1-8.2, Nb=Pb 6.9-7.7 (mixed model). Only the rst occurrence of signi cant differences is noted in the gure * : P < 0.05, ** : P < 0.01 versus baseline values measured, as the Pb-peak latencies had increased to more than 80 ms.
DAI
T he DAI decreased markedly from 91.7 7.0, 60 s prior to induction to 16.2 7.0, 150 s after the start of induction (Fig 4) . T he decrease rate levelled out in the interval 50 s to 90 s from the start of induction, but resumed to decrease henceforth until 150 s after the start of induction.
EEG
T he baseline, 2±30 Hz ®ltered EEG traces were fairly constant with only a low variability in each pig. Burst suppression occurred 42.0 9.7 s after the start of induction (by computerized de®nition) and was visually inspected to disappear 137 16 s aft er the start of induction.
T he SEF value was approxim at ely the same 60 s before trial-start and at the beginning of induction (Fig 4) . It decreased rapidly from baseline values of 26.4 1 Hz to 20.3 1 Hz, 50 s after the start of induction. Besides the initial decrease, the most noticeable change in the SEF was a relapse towards a higher frequency level between 50 s and 90 s after the start of induction. T he SEF value had returned to approximately baseline level 170 s after the start of induction.
A marked change in the delta, theta and beta bands took place during the induction period (Fig 5) . T he most noticeable change was the increase in delta and theta act ivity and a decrease in beta act ivity, starting very early and reaching a maximum 120 s after the start of induction. However, the changes in delta, theta and beta activity reverted for a period from 50 s to 90 s after the start of induction, approximately. T he alpha band changes mimicked the changes seen in the delta and theta band, but in a nonconspicuous manner (Fig 5) .
He a rt ra te (HR )
In study 1, the mean HR increased from baseline values of 116 10 beats =min to 135 10 beats=min when the pigs were hoisted above the edge of the Perspex box (Fig 6) . T he HR did not change noticeably during the ®rst 10 s of im mersion. At the end of the induction tim e, the HR had decreased to 10 10 beats/min (in 9 out of 12 trials the heart had stopped beatin g at the time). When pigs were bac k in ambient air, the HR
Fig 4 Mean depth of anaesthesia index (DAI) and
95% spectral edge frequency (SEF) of the EEG during induction and awakening from CO 2 anaesthesia. The study involved six pigs in double trials, and the period of 90% CO 2 immersion is marked on the time axis in bold. The SE of DAI was 5.0 and of SEF 1.0 Hz (mixed model). * : P < 0.05, ** : P < 0.01, *** : P < 0.001, **** : P < 0.0001 versus baseline values The study involved six pigs in double trials, and the period of 90% CO 2 immersion is marked on the time axis in bold. SE Delta 1.18%, SE Th eta 1.07%, SE Alpha 1.14%, SE Beta 1.48% (mixed model). Only the rst occurrence of signi cant differences between baseline values and values during induction are marked. The level of signi cance in each frequency spectre is illustrated by the equivalent roman letter. * : P < 0.05, ** : P < 0.01, *** : P < 0.001, **** : P < 0.0001 versus baseline values returned to start values approximately 240 s after the start of induction. T he HR in study 2 were greatly similar to that in study 1 (Fig 6) .
Be h a vio ur
T he pigs were tranquil before the start of induction. T hey grunted slightly but in all other respects they appeared calm when being hoisted. A standard set of behavioural changes was seen in alm ost all swine during induction, anaesthesia and awakening. When entering the gas the pigs seemed inquisitive, moving their heads slightly while snif®ng and licking the snout, which was followed by snorting. Approximately 10 s after im mersion a very deep breath was taken and shortly thereafter, they began to hyperventilate with long and deep inhalati ons followed by exhalati on in short forced bursts. T hen single lone extensor spasms were observed and later on, longer-lasting extensor spasms, occasionally along with vocalization. In some pigs slow limb movements followed by a tendency to upward¯exion of the head preceded the ®rst lone extensor spasm by a few seconds. Finally, around 30 s after the start of induction, all motor activity ceased in the pigs and their respiration became weak and squeaky.
T he time till occurrence of the ®rst lone extensor spasm during induction was 13.8 1.9 s, and the development of longerlasting extensor spasms start ed at 18.5 1.3 s. If vocalization occurred, it took place while the swine exhibited longer-lasting extensor spasms.
Motor reactions similar to those observed during induction started to take place after emerging from the gas, but in a much less pronounced manner, and at this point alternating with periods of muscle relaxation. T he period with motor reactions observed during awak ening appeared approxim at ely 60 s to 90 s after emergence from the gas, and started with vague limb movements, but progressed to look more like excitation as that seen during induction. However, a few pigs showed some weak signs of muscular tension before 30 s after their emergence from the gas.
No reactions to the nociceptive stimuli were found aft er the 60 s induction period in any of the pigs.
When the pigs were disconnected from the monitoring equipment they were taken bac k to the pen and offered food. In all cases they ate the food promptly and no at axia or signs of distress were observed. T he tim e-lapse from exiting the CO 2 ±Perspex box and release in the pen was approximately 15±20 min.
Blo o d ga s
T he arterial P CO 2 changed from a baseline value of 5.0 kPa (4.1±6.1 ) to 4.8 kPa (3.8±5.6 ) at the start of induction. After that it increased quickly, reaching 66.0 kPa (54.0±80.3 ), 70 s after the start of induction (Fig 7) . Subsequently, it started to decrease nearly as quickly as during induction. P CO 2 had reached approximately normal levels 360 s after the start of induction. Venous P CO 2 increased from a baseline value of 6.3 kPa (4.9±8.1 ) to 26.1 kPa (22.4±30.5 ), 120 s after the start of induction. T he venous P CO 2 had returned to approxim at ely normal values at the end of the trials.
T he arterial P O 2 changed from a baseline value of 11.4 kPa (9.9±13.1 ) to 11.9 kPa (9.7±12.7 ) at the start of induction. From then In some cases asystole occurred. Those cases are numbered n 0 . The standard error of HR was 10 beats=min in study 1 and 8-10 beats=min in study 2 (mixed model). ** : P < 0.01, *** : P < 0.001, **** : P < 0.0001 versus baseline values on it decreased quickly, reaching 3.9 kPa (3.4±4.4), 60 s after the start of induction. Following that, the P O 2 increased again and passed the baseline level 150 s to 180 s from the start of induction. T he venous P O 2 decreased from a baseline value of 4.2 kPa (3.1±5.3) to 3.7 kPa (3.0±4.4 ), 90 s after the start of induction. For 120 s from the start of induction, the venous P O 2 had increased to levels above baseline values and it remained above baseline values beyond the end of the trials.
Discussion
No behavioural signs of distress were observed during the early part of the induction phase in which we suspect that awareness was present. T he pigs seemed inquisitive, snif®ng the air as well as licking their snouts. If they moved their legs or head before the ®rst signs of extensor spasms occurred, it happened in a slow and coordinated fashion. During the same period of time no increase in HR was observed. Had the experience of inhaling the gas been aversive, we would have expected to ®nd defensive=withdrawal behaviour as well as an increase in HR. A higher P O 2 at trial start than at pre-trial sam pling does, however, indicate increased respiration. We suspect this to be a reaction to hoisting and not to having experienced the gas, as P CO 2 decreased in the sam e period of time, i.e. the increased respiration preceded the immersion into the gas. T he increased stress level in reaction to hoisting renders the trial more similar to the general situation at the abat toirs, in which the pigs experience stress before entering the stunning facil ities (Barton-G ade e t a l. 1995 ).
In this study, the alteration in neuronal act ivity seen during the induction of CO 2 anaesthesia was monitored by evaluati ng basal as well as evoked activity, and by looking at parameters that are indirectly dependent on neuronal activity, e.g. HR. T he MLAEP signal is not sensitive to BS, a condition in the EEG that is common during CO 2 anaesthesia in swine (personal observations). When MLAEP are used to assess the depth of anaesthesia, it is assumed that the disappearance of auditory information processing relates to reduced cognitive functions and to a deepening of anaesthesia. Some even speculate that MLAEP are indicators of residual cortical inform ation processing and cognitive functions (Schwender e t a l. 1993) . However, the only thing we know is whether the subjects can or cannot process an auditory stim ulus in the time fram e from 0 ms to 80 ms after receiving the stim ulus. When using EEG to assess DA, it is assumed that consciousness is reduced when cortical act ivity is suppressed. Cortical depression is expressed in the EEG as a frequency reduction, followed by suppression combined with short bursts of high frequency low voltage act ivity (BS), and later, complete suppression of the signal (Luk at ch & Mac Iver 1996 ). Frequency analysis of the EEG trace from audi- The mean values are shown together with the 95% con dence limits (mixed model). The period of 90% CO 2 immersion is marked on the time axis in bold tory stimulated pigs will comprise not only the true EEG values, but also the evoked potentials. T his will increase the EEG frequencies, as the dominat ing frequencies of the MLAEP trace are 30±40 Hz. However, as the MLAEP trace has a SNR of only 1:33 of the EEG signal (Chiappa 1990 ), we do not expect the MLAEP to have any major in¯u-ence on the EEG frequencies. T he EEG signal is sensitive to BS (Levy 1984 , Schwilden & Stoeckel 1987 and we speculate that the decrease in SEF, delta and theta power together with the increase in beta power seen 50 s to 60 s after the start of induction is a result of BS. As the EEG signal is suppressed even further after 60 s, the change caused by burst activity in the EEG signal is diminished. During emergence from anaesthesia the EEG signal increases on the whole, and it is hard to de®ne the level of interference from the burst activity.
T he raw EEG was embedded in muscular artefac ts during the excitations. Hence, it had to be ®ltered narrowly before MLAEP analysis, to im prove the SNR. T he narrow ®ltering did, however, lead to an increase in baseline latencies. We suspect that the 25±43 Hz ®l-tering sorted out some of the faster MLAEP signals, and thereby shifted the lat encies to the right. T he latencies only changed a little during the induction of CO 2 anaesthesia, but increased signi®cantly from 60 s to 120 s after the start of induction. T his pattern is different to that seen during the induction of thiopentone anaesthesia in swine (Martoft e t a l. 2001 ), and it seems that CO 2 has only a little effect on the propagation velocity of the auditory signal during the induction period. However, the MLAEP cannot be expected to change in the same manner as during the induction of thiopentone anaesthesia, as CO 2 induces a complex pattern of inhibition and excitation in the nervous system (Krnjevic e t a l. 1965), rather than a simple overall depression as is found with thiopentone. Pb latencies appeared to have a sharp decline from 120 s to 150 s after the start of induction. T he main reason is that many Pb values at 150 s had moved out of the 80 ms tim e fram e, i.e. we only see the Pb values that increased to less than 80 ms. In contrast to the latencies, the MLAEP am plitudes rapidly declined, in a manner like that seen during the induction of thiopentone anaesthesia (Martoft e t a l. 2001 ) . T he decrease in amplitude could arise from either a desynchronizat ion in the neurons of the auditory pathway or a depression of neural activity. We speculate that the latter is the case, as the EEG in the sam e time period displays an increase in the delta and theta band, a decrease in the beta band and a reduction of SEF (Pichlmayr e t a l. 1984 , Drummond e t a l. 1991 .
T he SEF value found 60 s prior to trial -start was comparable to values reported previously in pigs (Haga e t a l. 2000, Martoft e t a l. 2001 ). However, the end level of reduction was not as pronounced as that found in thiopentone anaesthetized pigs. We do not think that the pigs were less anaesthetized by the CO 2 induction, but rather speculate that it is due to the fact that CO 2 and thiopentone cause suppression in different ways, and that SEF is sensitive to BS, a condition that was not found in the thiopentone anaesthetized pigs (Martoft e t a l. 2001 ) . In swine anaesthetized in 80% CO 2 , the EEG power band relati onships have previously been found to alter in similar patterns to those of this study (Forslid 1987 ) .
Burst suppression appears to re¯ect progressive enhancement of synaptic inhibition and depression of excitatory transmission (Lukat ch & Mac Iver 1996 ) , and indicat es narcotic, deep sleep in man (Pichlmayr e t a l. 1984 ) . Burst suppression started approximately 42 s after the start of induction, at a point where the MLAEP amplitudes were reduced to less than 50% of the original size and the delta and theta bands had approximately doubled their power. T he BS activity ended approxim at ely 137 s after the start of induction, at the tim e where CNS acti vity started to reverse from depression. T hus, BS occurred at times where the neuronal functions of the brain were deeply depressed.
T he swine exhibited extensor spasms during induction as well as when awakening from CO 2 anaesthesia. It is known that the brain stem is in¯uenced later, and to a lesser degree, than are cortical structures during induction of anaesthesia, and that moderate hypercapnia even stimulates the reticular activating system (Siesjo È 1980 ) . Hence, we speculate that the initial extensor spasms re¯ect that cortical structures became depressed before the brain stem and the reticular activating system. T he extensor spasms that take place during the awakening phase (in the time period from 120 s to 180 s) probably have the sam e neurophysiological bac kground. It seems strange however, that weak extensor spasms could be seen in a few pigs shortly after emergence from the gas at a time where the CNS depression was pronounced and even becam e further enhanced. Krnjevic described a condition that might explain this by showing that in cats the early part of the fall in P CO 2 after hypercapnia promoted a rapid depolarizat ion with an overshoot effect (Krnjevic e t a l. 1965). T he speed and the level of changes in blood gas parameters corresponded well to those previously reported by Forslid and Augustinsson (1988 ) . Oxygen tension has in the past been suspected to be at least partly responsible for the loss of consciousness in high concentration CO 2 anaesthesia. T he level of oxygen tension that can lead to loss of consciousness is 2.3±2.5 kPa in man (17±19 mmHg) and less than 1.3 kPa in rats (10 mmHg) (Opitz & Schneider 1950 , MacMillan & Siesjo È 1971 . As the venous P O 2 in our study decreased to less than 4.4 kPa, at no point before 50 s after the start of induction, we do not suspect that the P O 2 reduction was responsible for the observed decline in CNS activity seen during the induction period. Especially, because increased levels of P CO 2 lead to increased cerebral blood¯ow, and thereby to as good a tissue oxygenation as possible (Kja Èllequist e t a l. 1968, Siesjo È e t a l.
1968, Alberti e t a l. 1975 ).
T here was a high resemblance between the HR in the two studies. T he HR decreased from the start and throughout the induction period despite the fact that an increased arterial P CO 2 would tend to increase the HR through a raise in adrenaline (Price 1960 , Bloom e t a l. 1977, Jordan e t a l. 2000). T he decrease was drastic and many pigs had asystole temporarily at the end of the induction period. T he decline in HR was probably caused by a general reduction in neural activity, including a reduction in sym patoadrenal tone. We speculate that the increased rate of latency shift as well as the further decrease in the other parameters of CNS activity observed around the end of the induction period (where many pigs had a short period of asystole) might at least in part have been due to metabolic imbalan ces caused by temporary anoxic conditions in the brain tissue.
All parameters of CNS activit y and blood gases start ed to change from the very start of induction. T he early reduction in amplitudes, DAI, SEF, beta activity, as well as the early increase in delta and theta act ivity, indicate a fast initiation of anaesthetic act ion. T he period of littl e change in am plitudes and DAI seen between 60 s and 90 s was not driven by the nociceptive stimulus, as the ®ndings were similar in the ®rst and the second CO 2 anaesthesia trial. It might have been associated with a reduction in P CO 2 leading to a tem porary neuronal depolarization as that proposed by Krnjevic e t a l. (1965 ) . From 90 s to 120 s, there was an additional reduction in all parameters of CNS activit y, including those of EEG frequencies, suggesting a further deepening of anaesthesia. From 120 s forward, a reversal of neuronal activities started. As compared to arterial P CO 2 in study 2, the swine had, at that point, a mean arterial P CO 2 level approxim at ely three times that of normal swine. Regarding the nociceptive stimuli, the lack of reaction is most likely caused by a combinat ion of deep anaesthetization and by the fact that CO 2 in high concentrations possesses analgesic properties (Mischler e t a l. 1996) .
We believe that studies 1 and 2 are comparable, as the induction trials are performed in exactly the sam e way, using anim als of the sam e breed and age, and because the HR showed great similarity between the two studies. When comparing changes in DAI, SEF and EEG power bands to the alterations in art erial P CO 2 , it seems that there was a ®ne relationship between the rapid signs of CNS depression and the marked increase in arterial P CO 2 that took place during the induction of CO 2 anaesthesia. Particularly the parameters of amplitude, DAI and SEF seemed to parallel well to the arterial P CO 2 during the induction period.
During awakening the EEG parameters indicated that the cortical activity behaved in a waxing and waning manner, and they did not matc h the changes in P CO 2 . T he parameters of the MLAEP signal however, seemed to be more closely related to the arterial P CO 2 , but not in the same conspicuous manner as during the induction period. T he shift from lower EEG frequencies towards higher EEG frequencies from 120 s to 210 s after the start of induction could be a so-called delta shift, which has been reported to occur just before arousal from anaesthesia in man (Shah e t a l. 1988 , Drummond e t a l. 1991).
In conclusion, we observed no signs of distress in reaction to entering the gas. Ext ensor spasms and vocalizat ion started at a point at which a markedly increased P CO 2 and a clearly declined CNS activity were seen. We suggest that the extensor spasms and vocalization were based on a depression in cortex combined with an increased activity in the reticular activating system. Taking anim al welfare into consideration, this work has revealed fast changes towards depression of CNS act ivity during induction of CO 2 anaesthesia. Nevertheless, we do not know at what exact point consciousness is lost, as loss of consciousness is a gradual process. Even so, the SEF start ed to change early, and the MLAEP am plitudes were reduced at the same pace as that seen during induction of thiopentone anaesthesia in pigs (Martoft e t a l. 2001) . However, CO 2 was not able to suppress the MLAEP latencies and the SEF to the same extent as thiopentone. T his probably re¯ects the fact that CO 2 produces anaesthesia in a different and more complex way than thiopentone, with a lesser degree of overall CNS depression. T he period of marked depression after the end of the induction period was short, approxim ately 60 s to 90 s after the end of induction, and this should be taken into consideration when using CO 2 for surgical interventions in laboratory animals.
